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Abstract: The alveolar epithelium of the lung is by far the most permeable epithelial 

barrier of the human body. The risk for adverse effects by inhaled nanoparticles (NPs) 

depends on their hazard (negative action on cells and organism) and on exposure 

(concentration in the inhaled air and pattern of deposition in the lung). With the 

development of advanced in vitro models, not only in vivo, but also cellular studies can be 

used for toxicological testing. Advanced in vitro studies use combinations of cells cultured 

in the air-liquid interface. These cultures are useful for particle uptake and mechanistic 

studies. Whole-body, nose-only, and lung-only exposures of animals could help to determine 

retention of NPs in the body. Both approaches also have their limitations; cellular studies 

cannot mimic the entire organism and data obtained by inhalation exposure of rodents have 

limitations due to differences in the respiratory system from that of humans. Simulation 

programs for lung deposition in humans could help to determine the relevance of the 

biological findings. Combination of biological data generated in different biological models 

and in silico modeling appears suitable for a realistic estimation of potential risks by 

inhalation exposure to NPs. 

Keywords: cell culture; air-liquid interface; inhalation exposure models; species differences; 

in silico modeling  
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1. Introduction 

Nanoparticles (NPs) are defined as objects measuring ≤100 nm in one dimension [1]. In pharmacy 

and medicine also larger particles (up to 1 µm) are included in this definition. NPs improve quality, 

lifetime, appearance, storage, etc., of many industrial, consumer, and medical products. As a 

consequence of the increased production of NPs, human exposure to unintentionally produced NPs  

(air pollution, byproducts during production) and to engineered NPs has increased markedly in the last 

decade. NPs can be found in soil, water, food, and air and may be taken up by humans by oral, dermal, 

or inhalation route.  

Internal and external surfaces of the human body are covered by epithelia to prevent the 

uncontrolled penetration of foreign substances. Although all epithelia reside on a basal membrane with 

connective tissue beneath, epithelial cells by formation of intercellular junctions, cellular differentiation 

(e.g., keratinization) or secretion of mucus represent the main barrier for entry in the body. To enter 

systemic circulation, the substances have, in addition, to cross the endothelium of blood vessels located 

in the connective tissue. Permeability of the endothelium, in general, is higher than that of the epithelia 

covering skin and mucosae. Relevant epithelial barriers are mucus producing bronchial cells in the 

conducting airways. In the deep lung, where the air-blood barrier is located, alveolar cells covered by 

surfactant regulate the entrance of foreign substance into the body (Figure 1). This barrier, being  

only 0.1–0.2 µm thick, is the most permeable barrier of the human body.  

Figure 1. Barriers for particle uptake by the respiratory system. Surfaces of larger 

(conducting) airways are mainly covered by bronchial epithelial cells with cilia (BE) and 

mucus (blue) producing goblet cells (GC). In bronchioli, bronchial epithelial cells and 

mucus producing cells (Clara cells, C) are found. All epithelial cells reside on a basement 

membrane (BM). The air-blood barrier at the alveolus consists of alveolar epithelial cells 

type I (AT-I) and surfactant-producing AT-II cells. Alveolar macrophages (M) migrate on 

top of the alveolar epithelial cell layer. On the other side of the basement membrane 

endothelial cells (EC) of capillaries are located. 

 

NPs are small enough to reach the deep lung and get in contact with air-blood barrier, while larger 

particles (>5 µm) are trapped in the upper airways, where the epithelial lining is thicker and cells are 

covered with protective mucus (Figure 1, comparison bronchus/bronchiolus/alveolus). Epidemiological 

studies showed that exposure of humans to ultrafine particles (<2.5 µm) in the air increased pulmonary 

morbidity and mortality (e.g., [2–7]). Lung damage presenting as pulmonary fibrosis and pleural 

granuloma formation was reported in several workers 5–13 weeks after exposure to polyacrylate  

NPs [8]. Particles were detected in cytoplasm and nucleus of pneumocytes and mesothelial cells. 
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Animal studies revealed that NPs at equivalent mass doses cause inflammation and cross the alveolar 

barrier in much higher numbers than larger particles [9]. 

To evaluate health risk to the general population and to workers by inhalation of airborne NPs, 

hazard and exposure have to be taken into account. Exposure depends on the concentration of NPs in 

the air, to which the individual is exposed, and on the likelihood that these particles will deposit in the 

respiratory tract. Particle numbers and particle size distributions are parameters used to quantify NP 

exposure in the air. Numerous studies addressed adverse effects of airborne NPs using in vitro and  

in vivo systems to compare biological effects of micro- and nanoparticles and identify potential  

NP-specific action [10]. Problems with the generation of these exposure data, particularly the lack of 

differentiation between background and NPs, have been addressed in several reviews (e.g., [11]). Lack 

of sensitivity of the measurement devices and problems in characterization of the NPs, lack of a 

systematic approach, harmonization and standardization of measurements, etc., complicate the 

evaluation of workers’ exposure to NPs [10]. 

Particle in the nasal cavity can use two uptake routes. They can cross the respiratory epithelium and 

reach the underlying blood vessels. Alternatively, NPs can be adsorbed through the olfactory epithelium, 

are transported along the olfactory bulb and reach the brain. A particle deposition model indicated that 

about 11% of manganese oxide NPs deposited on the rat olfactory mucosa reached the olfactory  

bulb [12]. Similar data were also obtained for translocation of 13C NPs in rats and silver-coated gold 

NPs in squirrel monkeys [13,14]. The relevance of this uptake route for humans is expected to be 

lower because the olfactory mucosa represents 5% of the total nasal mucosa in humans but 50% in 

rats. In addition, adult humans in contrast to newborns and to many other mammals (e.g., rodents, 

rabbits, horses) are not obligatory nose breathers but nose/oral breathers [15].  

Figure 2. Fate of inhaled nanoparticles in conducting airways (bronchial epithelium) and 

alveoli. Particles can be either absorbed through the bronchial epithelium and enter 

systemic circulation or removed from the bronchial epithelium by mucociliary clearance 

(MC) and then absorbed in the gastrointestinal tract (GIT). Absorption pathway: black 

arrows; metabolization and excretion: blue arrows. 

 

Biological effects start once particles get in contact with the respiratory epithelium, where they may 

be absorbed and enter systemic circulation or may be subjected to mucociliary clearance (Figure 2). 

Mucociliary clearance is the mechanism by which cilia of the bronchial epithelial cells remove 

particles trapped in mucus from the airways. The particles are transported towards the oral cavity, 

where they can be swallowed and taken up by the oral route. Alternatively, particles may be ingested 
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by macrophages located at the air-blood barrier or be metabolized. The extent, to which these 

processes occur, is size-dependent.  

Experimental methods to estimate the health risk by inhalation exposure to NPs, therefore, should 

address passage through respiratory barriers and effects on different cell populations at this barrier.  

While transcellular and paracellular uptake of conventional compounds can be relatively well 

predicted from lipophilicity and molecular weight, the physiological behavior of NPs is more variable 

due to a higher number of influencing parameters, such as size, aggregation, shape, material, crystallinity, 

surface charge, and surface hydrophilicity. The small size allows NPs to reach the periphery of the 

lung, where gas exchange takes place. The interaction of NPs with the respiratory system is influenced 

by impaction, sedimentation, and diffusion. NPs are able to transmigrate the alveolar epithelium and 

enter systemic circulation, as well as connective and lymphatic tissue of the lung. 99mTechnetium-labeled 

carbon NPs translocated to other organs in humans [16], while iridium and carbonaceous NPs showed 

only a low degree of translocation [17–19]. Crossing of the air-blood barrier by NPs in animals  

(rats and hamster) has been reported in several studies [20,21]. 

Methods to assess biological hazard of NPs at the air-blood barrier are the focus of this review.  

In addition, the combination of biological data with deposition data obtained by computer modeling for 

a realistic risk assessment of humans by exposure to inhaled NPs will be addressed. 

2. In Vitro Systems 

2.1. Cellular Models for NP Exposure 

In regulatory screening of drugs, cytotoxicity screening is used as initial step for the identification 

of hazard. A hazard is any source of potential damage, harm or adverse health effects on something or 

someone under certain conditions. This definition is often used when fixing threshold limit values in 

the work place. Regulatory cytotoxicity testing uses adherent cells cultured on plates and exposed to 

compounds suspended in medium (Figure 3a). This conventional set-up has some limitations for 

testing of respiratory cells, because in their physiological environment these cells are supplied with 

nutrients only from the basal side, while the apical pole of the cell faces the air. Therefore, cells should 

be cultured in a similar way prior to the exposure. Secondly, instead of using suspensions, NPs should 

be applied as aerosol. Deposition in submersed cultures is driven by Brownian diffusion and 

agglomeration and, therefore, is greatly different from deposition in the lung [22].  

Due to the concern that cell culture systems could not represent the multicellular organism, toxicity 

testing was traditionally performed in vivo. With the possibility to use complex and physiologically 

relevant in vitro models based on human cells, in vitro testing has gained more popularity. Main 

advantages of in vitro testing are lack of concerns regarding cross-species correlation, ethical concerns, 

and economic constraints. In vitro models help in the understanding of toxicity mechanisms, although 

still some concerns regarding in vitro to in vivo correlations remain [23]. 

The lung tissue is composed of 40 different cell types [24] and it is not feasible to establish a single 

model containing all these cell types. Therefore, region-specific models have been developed 

representing one for the conducting zone of the lung (large airways, bronchioli) and another for the 

gas-exchange or respiratory zone (air-blood barrier, alveoli). An additional requirement is that these 
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models should present the possibility for aerosol deposition. Refined multi-cellular 3D models, like for 

instance the one developed by Mondrinos et al. [25], express many physiological markers of the 

human lung, but they are not suitable for toxicity testing of inhaled NPs because they do not allow 

exposure to aerosols. 

Figure 3. Exposure of alveolar cells in submerged culture and exposed to nanoparticle 

suspensions (a), and cultured in air-liquid interface exposed to nanoparticle-loaded  

aerosol (b). (a) Alveolar cells (AC) cultured in submersed culture usually do not differentiate 

and lack mucus or surfactant. NPs suspended in medium often form aggregates;  

(b) (co-culture shown): Alveolar cells cultured on transwells in the air-liquid interface 

produce surfactant (blue). NPs in aerosols usually form smaller aggregates than 

nanoparticles in suspensions. For further refinement of the model, co-culture with 

macrophages (M) on top of the epithelial cells (b) can be used.  

 

In vitro systems representing the respiratory tract should contain mainly respiratory cells and cells 

of the immune system. In the alveoli, which can come in contact with NPs, alveolar type (AT)-I cells 

form the actual lining while AT-II cells have secretory function (production of surfactant) and serve as 

progenitors for the terminally differentiated AT-I cells [26]. AT-II cells also produce a spectrum of 

pro-inflammatory cytokines. Macrophages in the alveoli remove particles and pathogens down to a 

size of 0.26 µm [27]; smaller particles evade phagocytosis.  

Physiological exposure systems for respiratory cells employ transwell cultures. In these cultures 

cells are cultured on an insert, which is placed into a culture well. Medium is supplied from the basal 

side only and cells can be exposed to an aerosol at the apical part (air-liquid interface, ALI culture, 

Figure 3b). Transwell cultures were first used for permeability studies of gastrointestinal cells like 

Caco-2 cells and later adapted to other cell types [28]. For respiratory cells, ALI conditions are needed 

to induce secretion of mucus in Calu-3 cells [29] and surfactant in A549 cells [30,31]. These layers are 

important for particle retention and displacement under in vivo conditions [32]. Exposure of cells 

cultured in the ALI in a static diffusion chamber has been used for the assessment of diesel exhaust 

particles [33]. This system was later adapted by the same group for testing of dynamic exposure at 

airflows of ≤50 mL/min [34]. 

Various cells have been used to model the epithelial barrier. Primary cells, which are directly 

isolated from the tissue, are not usually preferred because of their limited life span and variations in 

their quality. This variability is due to donor variations and quality in the preparation. Immortalized 

cells (cell lines) although less well differentiated than primary cells, are most often used for the 
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assessment of general cellular effects (cytotoxicity) and permeation. A549 cells, derived from a human 

adenocarcinoma of the lung, are the most often used cell line for toxicity testing [35]. The cells show 

properties such as surfactant production and transport like AT-II cells in vivo, secrete cytokines, and 

perform phase I and phase II xenobiotic biotransformation similar to lung tissue [36]. Although very 

useful for toxicity testing, A549 cells are less suitable to assess permeation as they do not form tight 

intercellular junctions. For the assessment of the bronchial barrier, Calu-3, 16HBE14o-, and BEAS-2B 

cells are used most often. The HPV-E6/E7 and hTERT immortalized bronchial epithelial cell line 

NuLi-1 has been more recently employed as model for bronchial epithelial barrier [37]. Permeability 

values obtained with Calu-3 and with 16HBE14o- cells appear to possess a high predictive value for 

absorption in lungs for conventional substances [38]. Models for the alveolar barrier use either primary 

or immortalized AT-II cells or NCI-H441 cells in mono- or in co-culture. In co-culture models for the 

assessment of permeation, cytotoxicity and pro-inflammatory effects, alveolar epithelial cells are 

mostly combined with cells of the immune system (macrophages, dendritic cells, mast cells) or with 

endothelial cells. Disease-relevant co-culture models (obstructive lung diseases) may also include 

fibroblasts. In one system, epithelial cells with macrophages on top are cultured on one side of the 

membrane and dendritic cells on the other [39]. The co-culture model developed by Alfaro-Moreno  

et al. [40] consists of a (10:2:1) mixture of A549 + THP-1 (monocytes) + HMC-1 (mast cells) cells in 

the basal compartment and an insert containing EAhy926 endothelial cells. These cells, thereafter, 

were exposed with suspended particles. Most recently, a similar co-culture model, also containing 

A549 epithelial cells, HMC-1 mast cells, THP-1 monocytes and EAhy926 endothelial cells, was 

characterized and used for aerosol exposure [41]. In this model, the endothelial cells were seeded on 

the basal side of the transwell, while A549 + THP-1 and HMC-1 cells were located on the apical side 

of the membrane. This way, the construct could be cultured in ALI and exposed to aerosols. Another 

co-culture system uses MRC-5 fibroblasts embedded in a collagen matrix on transwell membrane. On 

this layer PBMC-derived dendritic cells and, subsequently, epithelial cells were seeded [42]. This 

culture was cultured in ALI for an additional seven days but not used for aerosol exposure. Advantages 

of co-culture systems are the better representation of the physiological environment and also the 

identification of cell-specific differences in NP uptake. Upon exposure of the tetraculture model 

consisting of A549 + THP-1 + HMC-1 + endothelial cells, for instance, only THP-1 cells ingested the 

50 nm silica particles. Disease-relevant models also include mechanical factors. Epithelial and 

endothelial cells cultured on both sides of a chip can be subjected to mechanical stress by changes of 

vacuum [43]. Bronchioconstriction can be mimicked by a co-culture in ALI of IMR-90 fibroblasts in 

collagen gel covered by normal bronchial epithelial cells in a strain device. In this device, cells are 

subjected to cyclic compression for 72 h [44].  

For the assessment of permeation of NPs, transwell membranes may pose a significant barrier.  

Even in the absence of cells, the passage of polystyrene particles through membranes with pore size  

of 0.4 µm is considerable hindered [45,46]. Membranes with larger pores, for instance 1 or 3 µm, 

produce more reliable results for NP permeation. On the other hand, not all cells are able to form 

sufficiently tight intercellular junctions on membranes with larger pores. Large cells, for instance MDCK 

cells, show similar transepithelial electrical resistance when cultured on membranes with 0.4 µm 

diameter or with 3 µm diameter [47]. 
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2.2. Commercial in Vitro Co-Cultures  

Establishment and maintenance of co-culture systems is laborious and requires standardized 

operation protocols, which cannot be realized in all institutions. Therefore, commercial systems are 

provided by companies, such as MatTek and Epithelix, for users lacking the resources to establish their 

own know-how. These co-culture models are based on bronchial epithelial cells obtained from 

hospitals or patients donations and are optimized for specific applications. Cells are well differentiated, 

they produce mucus and show beating cilia, and maintain this differentiation over a period of several 

months [48]. The cells retain their ability for detoxification and are, therefore, suitable for the assessment 

of sensitization, in addition to uptake and transport studies. Since constructs from healthy and from 

diseased individuals are available, the influence of toxicants on pre-disposed persons can also be evaluated.  

2.3. ALI-Based Exposure Systems 

Many groups assessed the effects of environmental NPs (diesel exhaust, smoke) using either 

diffusion chambers or more advanced devices in static or dynamic exposure. Set-ups usually use 

exposures over 15–60 min, where the aerosol is generated and cells are exposed in a humid atmosphere 

at physiological temperature (37 °C) (Figure 4a, Vitrocell system shown). Particle deposition in most 

of the systems is driven by sedimentation and diffusion. Only few established systems, including 

Electrostatic Aerosol in Vitro Exposure system and CULTEX® (Cultex® Laboratories GmbH, Hannover, 

Germany) radial flow system, employ electrostatic precipitation. Voisin chamber [49,50], Minucell 

system [51,52], Nano Aerosol Chamber in Vitro Toxicity [53,54], Biological aerosol trigger [55],  

Air-Liquid Interface Cell Exposure system [56–58], and Electrostatic Aerosol in Vitro Exposure 

system [59,60] were developed by specific researcher groups. Other systems, such as CULTEX® [61,62], 

CULTEX® RFS, and VITROCELL® [63], are commercially available. ALI-based exposure systems 

have been used for volatile organic compounds, copper NPs, carbon NPs, zinc oxide NPs, gold NPs, 

polystyrene NPs, cerium oxide NPs, and laser printer emission particles [33,51,64–66]. Quantification 

of the deposed aerosols is essential because aerosols or NPs contained in the aerosol may be retained 

by components of the exposure systems. 

If accumulation of aerosol over time is not in the focus of interest, cells can be exposed with puffs 

of manually generated aerosols in plates (Figure 4b). MicroSprayer® Aerosolizer (Penn-Century Inc., 

Glenside, PA, USA), a device commonly used for oropharyngeal exposure of rodents with NP 

suspensions, has been established for the assessment of polystyrene NPs [67]. Dose control upon delivery 

by the MicroSprayer® (Penn-Century Inc., Glenside, PA, USA), is better and higher particle 

concentrations, independent from the material, can be delivered. For both, conventional substances and 

for NPs, delivery of the aerosolized material to the cells ranges between 25%–30% [68]. Multiple 

dosing is possible but generally limited by the amount of liquid from the aerosol delivered to the cells. 

This limitation could be avoided by the use of Dry Powder Insufflators (Penn-Century Inc., 

Glenside, PA, USA), from the same company, which generate aerosols from powders. A problem of 

manually generated aerosol could be shear stress generated by high air-flow rates through the sprayer. 
  



Int. J. Mol. Sci. 2014, 15 4802 

 

 

Figure 4. Set-up for aerosol-exposure at the air-liquid interface based on the VitroCell® 

(Vitrocell Systems GmbH, Waldkirch, Germany) exposure system (a) and by manually 

generated aerosols (MicroSprayer®, b). (a) Cells are cultured on transwells and exposed in 

the compartments of the exposure unit, thermo stabilized by a water bath. Airflow generated 

by a vacuum pump provides a steady flow of the particle-loaded aerosol, generated in the 

particle generator (PARI BOY LC Sprint, PARI GmbH, Starnberg, Germany), over the 

cells. Part of the aerosol that passes the glass tube, is collected at the end of the glass tube 

and used for particle analysis in the aerosol. Particle deposition on cells is quantified in one 

compartment of the exposure unit; (b) Cells cultured on transwells are exposed in a 

separate exposure plate to one to three puffs of manually generated aerosol.  

 

For correlation of biological effects to the applied dose, analysis and quantification of the deposited 

amount of NPs is important. Deposition rates have been indicated in different units, mostly as 

µg/area/time or as % of the applied dose. Instead of gravitational measurements, quantification of 

indicator dyes loaded on the NPs may be used for calculation of deposition. Comparison of deposition 

efficacy between different exposure systems is complicated by differences in particle material and 

agglomeration kinetics. Deposition of polystyrene particles, for instance is markedly lower than that of 

carbon nanotubes [68]. In general, deposition efficacy of ALI exposure systems were reported as 0.03% 

for polystyrene particles in the Vitrocell system [68], 2% for carbonaceous NPs in the Minucell  

system [52], 9.48% for smoke particles in the CULTEX RFS system [69], and 8.81% for carbon 

nanotubes in the Vitrocell system [68]. When electrical charging and precipitation is used, deposition 

for polystyrene particles in the NACIVT system increases to 30% [54]. These relatively high deposition 

rates are also achieved when the MicroSprayer is used for exposure [68]. In addition to deposition, 

analysis should include particle size and chemical analysis. 

3. Ex Vivo Systems  

Ex vivo systems are relatively rarely used in the study of NPs. This is mainly due to technical 

difficulties in preparation and maintenance of isolated lungs. These difficulties, together with the 

limited life span of the isolated tissue, may be reasons for the rare application of this approach, 
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compared to in vitro and in vivo exposures. Isolated perfused lung models from rats, guinea pigs, and 

rabbits have been established [70] where heart, lungs, and trachea are removed from the animal and 

placed into an artificial thoracic chamber. Trachea, pulmonary artery, and left atrium are cannulated 

and the perfusion medium enters via the pulmonary artery, flows through the pulmonary vasculature, 

and exits via a cannula in the left atrium, where samples can be drawn. The lungs are ventilated 

through the trachea with warm humidified air containing CO2 at negative pressure within the thoracic 

chamber. The thorax and the reservoir are kept at a temperature of 37 °C. Viability of the perfused 

lung can be maintained for two to three hours at 37 °C but thereafter, edema formation and cell death 

starts. When assessed in this ex vivo system, iridium NPs and polystyrene particles in sizes between  

20 and 200 nm did not cross the air-blood barrier [71,72]. These findings are in contrast to in vivo data, 

where translocation of carbon NPs has been reported [72]. It can be presumed that the absence of 

lymph flow, hemodynamic factors and inflammatory cells in explanted lungs may cause the discrepant 

effects. Precision-cut lung slices are another type of ex vivo model that can be used for translocation 

and toxicity studies. Advantages compared to isolated lung preparations are the longer survival time 

(culture is possible for up to three days) and the testing of more samples (about 30 slices can be 

prepared from one rat lung) [73]. To prepare these slides, rodent trachea is filled with pre-warmed  

agarose-medium solution. After polymerization, sections of 200 µm in thickness were obtained from 

tissue cylinders. Solid lipid NPs were more cytotoxic in these lung slices than in A549 cells in 

conventional culture [74]. Lung slices were more sensitive to cobalt-ferrite NPs than NCI-H441 

aleveolar cell but less sensitive than TK-6 lymphoblasts [75]. Although ex vivo models can better 

reproduce the complexity of the in vivo situation rather than in vitro models, deterioration of the 

explanted tissue and lack of hemodynamics can cause differences between ex vivo and in vivo data.  

4. In Vivo Systems  

In vivo testing has been initiated for a variety of NPs mainly exposed by the oral and dermal route. 

For inhalation, intratracheal instillation was often employed because rodents, the commonly used 

species for toxicity testing, are obligatory nose breathers and, therefore, not representative models for 

human inhalation exposure. Even when this limitation is accepted, it is financially and technically not 

possible to assess all currently known NPs in vivo. According to estimates, comprehensive long-term 

testing would cause costs of $1.18 billion and require 34–53 years [76]. Another negative aspect of 

animal experiments, obviously, is species difference, regarding kinetics and efficacy. The autophagy 

inhibitor 3-methyladenine, which reduced acute lung injury triggered by polyamidoamine dendrimers 

in mice, lacks clinical efficacy in humans due to reduced stability [77]. Different sensitivity to 

toxicants in rodent and human lungs is often explained by the much higher expression of metabolizing 

enzymes (mostly belonging to the CYP superfamily) in rodents’ lungs compared to human lungs [78]. 

On the other hand, many topics, such as retention of inhaled particles, afford long-term studies and 

cannot be performed in vitro. Inhaled NPs (≤100 nm) are retained in the body for longer periods; for 

instance, 75% of 100 nm carbon NPs were retained for more than 48 h in hamster lungs [79]. Reasons 

for the prolonged retention include deep penetration into the mucus or deposition in areas with reduced 

lung lining layer. In both cases, interaction with airway cells and likelihood of transmigration is 

increased. Surprisingly, not all particles retained in the lungs translocate to lymph nodes or enter the 
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systemic circulation [80]. In inhalation studies with dogs, iridium NPs re-appeared on the epithelium, 

where macrophage-mediated clearance occurred and 90% of the inhaled NPs were recovered in the 

brochioalveolar lavage [81]. The capacity of macrophages to ingest particles is lower for NPs than for 

microparticles: 0.1% of TiO2 NPs compared to 87% of microparticles were internalized by macrophages 

after 24 h [82]. After 24 h only 1.7% of macrophages in BAL contained NPs compared to 12%–15% 

with microparticles [83]. It was concluded that at least during the first 24 h NPs could bypass 

phagocytosis by macrophages and interact with the epithelial barrier [79]. 

4.1. Inhalation Exposure Models 

Common routes of inhalation exposure are whole-body exposure, nose/head-only exposure or  

lung-only exposure (intratracheal instillation/inhalation) ([84], Figure 5). The choice for the exposure 

technique is determined by availability of the testing material (whole body exposure needs high 

amounts of material), technical expertise of the personnel (intratracheal instillation is technically 

demanding), and the duration of the exposure (except for whole body exposure, anesthesia/sedation is 

needed, which is not tolerated by the animal for prolonged time periods). Dose-control is best with 

intratracheal instillation but this technique can cause local tissue damage and uneven distribution of the 

test substance in the lung. Dose per animal can be less well determined in chambers, where animals are 

housed together. An overview on the respective advantages and disadvantages is presented in Table 1. 

Some studies demonstrate the great impact of the exposure technique on the obtained results. In mice, 

inhaled single-walled carbon nanotubes elicited a greater effect than instilled particles [85], while the 

opposite was found for titanium dioxide NPs [86]. However, another study obtained similar results for 

both exposure techniques [87]. 

Figure 5. Exposure of rodents to aerosols. (a) nose-only exposure. The restraint (R) 

prevents loss of aerosol by leakage around the animal. The small opening at the bottom 

allows temperature regulation of the animal through the tail; Intratracheal instillation (b) 

and oropharyngeal aspiration (c) uses commercial or self-designed syringes for manual 

application of aerosol. 
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Table 1. Overview of advantages and disadvantages of in vitro, ex vivo, and in vivo studies. 

Method Application Advantages Limitations 

In vitro techniques 

Conventional 

exposure 

(submersed) 

High-throughput testing Controlled dosing Exposure of non- differentiated cells 

Initial screening for  

short-term effects 

Easy to perform Non-physiological exposure 

Efficient use of material 

No information on permeation 

No complex (multicellular) response 

No long-term exposure 

ALI 

(monoculture) + 

Suspension 

exposure 

Mechanistic uptake and 

toxicity studies 

Controlled dosing Non-physiological exposure 

Study of differentiated cells No complex (multicellular) response 

Efficient use of material No long-term exposure 

Advanced technology 

ALI 

(monoculture) + 

Aerosol exposure 

chamber 

Mechanistic uptake and 

toxicity studies 
Relatively controlled dosing No complex (multicellular) response 

Permeation studies 

Study of differentiated cells No long-term exposure 

Efficient use of material 

Complex exposure system 

Aerosol loss in the exposure system 

More complicated technology 

ALI (mono/ 

co-culture) + 

Aerosol spraying  

Mechanistic uptake and 

toxicity studies 
Controlled cellular dose No long-term exposure 

Permeation studies  
Study of differentiated cells Potential shear stress of the cells 

Efficient use of material More complicated technology 

ALI (co-culture) + 

Aerosol exposure 

chamber 

Absorption studies 

Controlled dosing Technically demanding 

Efficient use of material No long-term exposure 

Study on several cell types 

Aerosol loss in the exposure system 

Limited complex (multicellular) 

response 

Ex-vivo techniques 

Isolated  

perfused lung 
Absorption studies 

Relatively controlled dosing Technically demanding 

Complex (multicellular) 

response 
Short observation time 

Physiological exposure 

Efficient use of material 

Precision-cut  

lung slices 
Toxicity studies 

Controlled cellular dose Non-physiological exposure 

Complex (multicellular) 

response 
Short observation time 

Efficient use of material 

In-vivo techniques 

Whole-body 

exposure 

ADME studies 
Physiological way of 

exposure 
Large amount of material needed 

Short-term/long-term, 

single exposure and 

multiple exposure 

No anesthesia or discomfort 

for animals 
Dose not well defined 

Complex (multicellular) 

response  
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Table 1. Cont. 

Method Application Advantages Limitations 

In-vivo techniques 

Nose/head only 

exposure 

ADME studies 
Relatively physiological way 

of exposure 
Slight discomfort for animals 

Short-term/ long-term, 

single exposure and 

multiple exposure 

Not invasive, no anesthesia Inexact dose control 

Complex (multicellular) 

response  

Intratracheal 

instillation 

ADME studies Direct dosing to lungs Non-physiological exposure 

Short-term, single  

dose exposure 

Complex (multicellular) 

response 

Anesthesia needed 

No repeated dosing 

Tissue injury 

Labor intensive 

Oropharyngeal 

instillation 

ADME studies Direct dosing to lungs Non-physiological exposure 

Short-term, single  

dose exposure 

Intubation not required No repeated dosing 

Complex (multicellular) 

response 
Labor intensive 

Oropharyngeal 

aspiration 

ADME studies Direct dosing to lungs Non-physiological exposure 

Short-term, single  

dose exposure 

No intubation required 
Potential aspiration of oral content 

into lungs 

Complex (multicellular) 

response 

No repeated dosing 

Labor intensive 

4.2. Whole-Body Exposure 

In this type of exposure filtered compressed air is used to generate the aerosol, which then is heated 

and added to dry filtered room air. Before the aerosol is guided through the exposure chamber, a 

charge neutralizer is positioned to decrease electrostatic interaction with the chamber. At one part of 

the exposure chamber, the aerosol is collected for size determination and composition [88]. The 

requirements for aerosol generation are particularly high for this type of exposure. The aerosols in the 

chamber housing the animals should have a steady concentration of aerosol over the entire exposure 

time. Moreover, the aerosol should be free of contaminants and present a stable size distribution. The 

latter requirement is a particular challenge for NP-containing aerosols because NPs tend to agglomerate 

and form large agglomerates that cannot be broken up [89]. The doses animals receive can be highly 

variable. This variety can be due to the contribution of other routes of exposure (e.g., mouth, eyes); for 

instance, 60%–80% of the material deposited on the pelts of rats during the exposure is ingested and 

oral uptake contributes to the exposure [90]. In addition, the animals can avoid exposure by huddling 

together or burying their noses in corners of cages or in the fur of another animal.  

4.3. Nose/Head Only Exposure 

Compared to whole-body exposure, the chamber that holds the animal is very small. Aerosols are 

usually generated in one chamber for all exposed animals. For rodents it is usually a tube attached in a 

way that a hole or extension of the aerosol-producing chamber directs the atmosphere towards the 

animal’s nose (Figure 5a). At the back end of the tube a restraint is positioned to prevent the animal 
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from backing out. The restraint can seal the back end of the tube completely and in this way prevent 

leakage of test air around the animal completely. To prevent overproduction of moisture and heat in 

the tube, the restraint can also only partially close the back end of the tube [91]. For mice and rats, for 

instance, an open restraint is preferred to facilitate heat loss via the tail and avoid overheating of the 

animal. For exposure times >1 h, additional cooling is usually advised [92]. The small chamber hinders 

animal movement and may cause discomfort. Younger animals may attempt to turn to escape from the 

tube, which bears the danger of suffocation [38]. Another problem is ventilation. If the flow through 

each port approaches the minute ventilation of the animal, the animal will rebreathe its exhaled 

atmosphere, carbon dioxide concentrations may increase and oxygen supply decrease. Eventually, the 

animal may suffocate. To prevent this, minimum flow through the nose-only chamber of 2.5 times the 

animal’s minute volume is recommended.  

4.4. Lung-Only Exposure 

Intratracheal instillation is performed by inserting a delivering device into the trachea and 

projecting its tip close to the bifurcation of the trachea (Figure 5b). Alternatively, the test aerosol may 

also be delivered by oropharyngeal intubation, where small animal laryngoscopes enable correct 

insertion of the delivery device. Devices in standard length and in custom sizes (Penn Century Inc., 

Glenside, PA, USA) are available for delivery of NP-loaded liquid aerosols [93] and from powders [94]. 

When coupled to a ventilator, a nebulization catheter can deliver a pulse-timed spray dosing delivery 

to the lung [95]. Oropharyngeal aspiration is even less invasive because a small volume of material is 

placed at the base of the tongue (Figure 5c). During inspiration by the animal the material is aspirated 

and distributes in the lung. This method was able to distribute polystyrene NPs and beryllium oxide 

particles throughout the lung [96]. Lung-only exposure may lead to artificial results by bypassing nose 

and defensive reflexes and may cause organ damage by dehydration of the trachea.  

Historically, partial lung exposure was also used, where the test substance was injected in one lobe, 

while another lobe served as control. Anesthesia and precise placement of the catheters afford a great 

degree of technical skill. Although the applied dose is well-defined, non-physiological distribution 

within the lung may occur after initial placement [84]. 

4.5. Limitations of in Vivo Systems 

Despite the established role of animal experimentation and advantages related to this kind of 

experiments, specific limitations apply for the testing of inhaled NPs. 

4.5.1. Interspecies Differences in Lung Physiology 

Due to ethical issues and experimental costs, dogs and primates, showing the highest similarity to 

the human respiratory system, are rarely used for toxicity studies. Rats have been traditionally used for 

chemical toxicity testing and are also the most often used species for NP testing. Mice are interesting 

as around 2000 different strains of mice with carefully controlled genetics are available to study the 

influence on genetic variations on pathologies. Other small mammals are mostly used for specific 

research topics. Guinea pigs were used for sensitization to inhaled antigens since their airways show 
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similar sensitivity to mediators as human airways, while rodent lungs are less sensitive. Great differences 

in lung parameters are seen between laboratory species and humans (Table 2). Extremes are tidal 

volume and respiratory rate of mice with 0.15 mL and 175 breaths/min, respectively. This compares 

with 500 mL and 15 breaths/min in healthy 70 kg humans [97,98]. Syrian hamster lungs have been 

mainly used for carcinogenesis and chronic respiratory studies.  

Table 2. Comparison of physiological lung parameters between laboratory animals and humans. 

Species Breath rate (resting, per minute) Tidal volume (mL) Total lung capacity (mL) 

Rat 85 1 10 
Mouse 163 0.15 1 

Hamster 30 1 7 
Guinea pig 84 1.7 23 

Human 15 500 6000 

Rats lungs also present prominent differences to human airways, particularly relevant to testing  

of particles [99]. While terminal bronchioles in rats measure 0.2 mm in diameter and 0.35 mm in 

length, they are 0.6 mm wide and 1.68 mm long in humans [100]. Particle deposition is minimal for 

sizes <0.5 µm in rats and humans but is maximal for 1 µm particles in rats and in sizes of 2–4 µm for 

humans [101]. Pulmonary deposition is, therefore, much higher for particles between 2–3 µm in 

humans than in rats (for human mouth breathing: ~50%, for human nasal breathing: ~25% and for rat 

(nasal) breathing: ~5%). In contrast to the extrathoracic (nasopharyngeal) deposition, the tracheobronchial 

and pulmonary (lobar) deposition fractions are practically insensitive to the change in aerodynamic 

diameter across the “respirable” size range of 1–5 μm. It is clear therefore, that lung-regional distribution 

can be altered little by changes in aerodynamic diameter in such animal models, a situation different 

from human inhalation. Mucociliary clearance velocities are higher in rats than in humans. While  

10%–15% of particles (0.1–7 µm) deposited in the human bronchial tree are still detectable after 24 h, 

particles deposited in the rat bronchial tree are cleared after 6–8 h [102]. The delayed clearance 

appears to be due to the preferentially more peripheral deposition of particles in the human lung 

compared to a more central deposition in the rat lung. Mucus velocities decrease with decreasing 

diameter of the airways in both species and, as a consequence, small airways have a slower clearance.  

Pulmonary studies in mice are problematic because not only pulmonal application of drugs but also 

measurement of lung function (flow, volume, and transpulmonary pressure) is technically challenging. 

They are less suitable than rats because differences in lung anatomy to humans are more pronounced 

than between rats and humans. In all these species the right lung has more lobes than the left lung. This 

asymmetry, however, is more pronounced in the laboratory rodents, where the right lung has four lobes 

and the left lung consists of only one lobe. The left lung of all small laboratory animals (mice, rats, 

hamsters) is not divided into lobes; only the larger laboratory animals, such as guinea pigs and rabbits, 

similar to humans, have left lungs with two lobes [103]. Additional differences are seen in the anatomy 

of peripheral airways and the interdigitation of conducting airways and gas-exchange regions. 

Respiratory bronchioles are extensive in cat, dog, sheep, monkey, and humans, and minimal in mouse, 

rat, hamster, rabbit, pig, cow, and horse. The combination of differences in the extent of respiratory 

bronchioles, in acinar size (in the order of 200 times), and in air-blood barrier thickness may account 
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for the different sensitivity to inhaled toxicants between species. For instance, murine alveoli are very 

small with mean linear intercept of 80 µm, compared to 100 µm for rats and 210 µm in humans, and 

the air-blood barrier measures 0.32 µm in mice, 0.38 µm in rats, and 0.62 µm in humans [104]. 

Hamster lungs are similar to rodent lungs.  

4.5.2. Species-Specific Reaction to Particulates 

The canine respiratory system presents many similarities to that of humans. Exposure to cigarette 

smoke inhalation produces clinical and histopathological changes similar to COPD and emphysema in 

humans [105]. Canine thoracic deposition for Co3O4 particles is not significantly different from that 

observed in the human respiratory tract rising from 12% to 35% of the inhaled particles of 0.7 to 3.7 μm 

aeodynamic diameter [106]. A percentage of 32% of 0.02 µm large particles and 25% of 0.1 µm large 

particles were deposited in canine lungs [107]. Based on the similarity between human and beagle 

lungs shown for larger particles, similar deposition rates are also expected in humans.  

Despite differences between that rat and human respiratory systems, the rat is still most often used 

for toxicity testing of inhaled substances. Many studies identified differences in the reaction to 

particulates between humans and rats. Human AT-II cells proliferate as reaction to dust exposure to a 

much higher extent than rat AT-II cells, also smooth muscle hyperplasia as a reaction to smoke and 

mineral dusts is more pronounced in humans [108]. Silicates induce granuloma formation in both 

species but rodent lesions are more cellular and less fibrotic than those in humans. Profound 

remodeling as a reaction to asbestos and other fibrous minerals is seen only in humans. Although small 

airways in rodents have a different architecture and lack respiratory bronchioles, pathologic features of 

the small airways leading to the acini after exposure to dust are similar to that of humans. Some 

features developing after chronic exposure, such as emphysema, are difficult to detect in rats due to 

their short life span. Accumulation of dust is seen in the interstitial tissue in humans and intraluminarly 

in rats [109]. It is likely that the different accumulation patterns are the dominant reason for the 

observed differences in cellular responses. While granuloma formation was common in rats, fibrosis 

was the predominant response in humans. Acute intraluminal inflammatory and degenerative changes 

to inhaled fibrogenic and non-fibrogenic dust were more severe in rats than in humans. In humans only 

dusts that initiated epithelial hyperplasia were associated with lung cancer, while in rats all dusts 

induced epithelial neoplasia. The different reaction pattern can explain the differences in 

carcinogenicity between humans and rats [110]. 

5. In Silico Modeling  

Due to the high permeability of the alveolar barrier, particle deposition is a decisive factor in 

absorption of inhaled drugs. Deposition is terminated when the particles get into contact with the 

airway wall. In addition to physical models for determining particle deposition in the human body, for 

instance the Mouth Throat Model, computational simulations have been used to estimate deposition of 

NPs in human lungs [111].  
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5.1. Mechanisms of Deposition  

Generally, for the description of the respiratory deposition of particles, three components are 

required: geometrical model of the lung, aerodynamic characteristics, and particle behavior [112–114]. 

Depending on the aerodynamic diameter (AD) of inhaled particles, taking their shape and density into 

account, five deposition mechanisms are described: (1) inertial impaction; (2) sedimentation;  

(3) diffusion; (4) interception; and (5) electrostatic precipitation, which is related to particle charge 

(Figure 6). Inertial impaction is a significant deposition mechanism for particle with an AD larger than 

2 µm. As these particles are too large to be able to stay in the moving air stream, they tend  

to inertially impact in the extrathoracic (ET) and upper tracheobronchial airways. For particles with an 

AD larger than 1 μm, gravity and sedimentation (gravitational sedimentation) are the dominant 

mechanisms for their deposition in the smaller conduction airways of the tracheobronchial tract. 

Particles with an AD 0.5 to 1 µm are subjected to Brownian diffusive deposition or will be exhaled. 

Interception deposition of particles depends on particle shape, for instance elongated particles like 

fibers are subjected to interception due to their length [115,116]. 

Figure 6. Particle parameters important for deposition in the whole lung. Large particles 

are subjected to inertial impactation, preferentially in large airways, smaller particles deposit 

by gravitational sedimentation, and small particles in the alveoli by diffusion. Electrostatic 

deposition is seen for charged particles and interception for fiber-shaped particles. 

 

5.2. Deposition Models  

Deposition models can be divided into two types, empirical models and mechanistic models.  

The empirical models are based on mathematical equations fit to experimental data, and consider 

pathways in the respiratory tract as identical, having linear dimensions. Mechanistic models calculate 

the deposition rate in respiratory tract on the basis of a realistic description of lung structure and 

physiology, taking different breathing scenarios and parameters into account. These models are based 
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on idealized descriptions of lung morphology and physiology and are based on computational fluid 

dynamics (CFD) or calculation of inhaled aerosol flow by considering the fate of a population of 

particles or an individual particle (Eulerian and Lagrangian models, respectively). Alternatively, 

deterministic or stochastic descriptions of the bronchial tree have been used [113,117–124]. 

Whereas the empirical models are used to calculate the deposition in the whole lung, the 

mechanistic models can be used for deposition either in the whole lung or in a specific region of the 

lung (local scale models). In this review only whole lung deposition models will be discussed. The 

local scale models are extensively reviewed elsewhere [113,121]. 

5.2.1. Single Path Models  

Empirical models were developed in the context of assessing the deposition of inhaled 

environmental and occupational pollutants. Such empirical models consider the human respiratory 

tract as a series of symmetrical anatomical compartments, through which the entire volume of the 

inhaled particles passes [114,121]. In such modeling, all pathways in the respiratory tract are identical 

and have equal linear dimensions [125,126]. Due to the symmetric branching, the deposition of inhaled 

particles is equal in each airway. The deposition correlations for the whole lung or for different 

compartments are provided based on fitting empirical data as a function of analytical parameters.  

The first whole lung deposition model was developed by Findeisen [127]. This compartment model 

consisted of nine compartments, starting with the trachea and ending with alveolar sacs. Each 

compartment contained a number of parallel airway segments with identical diameter. Deposition 

mechanisms considered in the model were inertial impaction, sedimentation, Brownian diffusion, and 

interception. The efficiency of deposition by each mechanism in an airway segment was calculated 

using an approximate equation derived with simplifying assumptions. The deposition efficiencies 

calculated for various mechanisms were then summed to give the combined deposition efficiency. In 

this model, the airflow was assumed to have a uniform velocity profile in each airway segment and the 

entire volume of the inhaled aerosol was expected to reach every compartment.  

This model has been further improved by different research groups, incorporating various 

refinements in morphometric components, aerodynamic characteristics in the lungs, and equations 

used in calculations for deposition efficiency. Yeh and Schum [126] developed a morphometric model 

consisting of the lung’s five lobes.  

One of the most commonly used whole lung models for deposition and retention of inhaled 

radioactive particles has been developed by the International Commission on Radiological Protection 

(ICRP). In the latest version of ICRP [128] a five compartment model was used, comprising the 

anterior nose; the posterior nasal passages together with larynx and pharynx; the bronchial regions; the 

bronchioles and the alveolar region. The definition of these compartments is influenced by the specific 

clearance mechanisms associated with each compartment. For instance, deposition in the bronchial 

region and bronchioles is also defined as the fast-cleared fraction of deposition, and deposition in the 

alveolar region is also termed the slow-cleared fraction [113]. Empirical deposition equations derived 

from fitting experimental deposition data were used for ET region and considered the inertial 

impaction, sedimentation, and diffusion as deposition mechanisms.  
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Independently, the National Council on Radiation Protection and Measurements [129] has published 

another simulation using three compartment model, comprising (1) Naso-oro-pharyngo-laryngeal 

region; (2) Tracheobronchial region; and (3) Alveolar region. The major differences between the ICRP 

and NCRP models were in the modeling of tracheobronchial and alveolar regions by using different 

anatomical lung models and different deposition equations. Under the same conditions (particle size 

distribution, lung volume, and airflow), ICRP and NCRP models calculated similar deposition rates of 

particles in upper airway regions. However, the NCRP model gave higher deposition rates of particles 

smaller than 0.2 µm in the tracheobronchial tree and lower deposition in the alveolar region, which 

might be due to the fact that the convective mixing is not considered in NCRP model and the enhanced 

deposition because of branching bifurcation is not considered in ICRP model [130]. Detailed studies 

on enhanced deposition started in the 1970s, using three-dimensional airway models and improved 

using advanced CFD models [122,131–135]. The local deposition models are reviewed in detail by 

Longest and Holbrook [121]. 

Simple path models are attractive tools because of their geometric simplicity and ease of use. 

Moreover, they are in general agreement with in vitro fast and slow clearance fractions, representing 

the upper and lower airway depositions. The ICRP model in particular [128] finds wide application. 

This model is considered a standard model for routine inhalation dosimetry assessments and also 

integrated in software programs for calculating the deposition rate of pharmaceutical aerosols. 

However, the efficiency of simple path models, especially for pharmaceutical aerosols, is limited 

due to the extremely simplified morphometry, physiology, and lung conditions, which is not suitable 

for calculating the particle deposition within a defined region [113,114,123]. 

5.2.2. Multiple Path Models  

Multi-path models have been developed to provide a more realistic lung-modeling than the  

single-path approach. In multi-path modeling, the asymmetry of the lung branching pattern and path 

variation of the bronchi have been taken into account. 

The first approach in this field was the five-lobal model of Yeh and Schum [126], considering  

single-path models for each lobe instead of the generations of the tree structure. The morphometric 

models for the five lobes were based on the measurements of a silicone rubber cast of the human 

tracheobronchial tree [126,136]. The morphometric model of Raabe [136] was also the base for further 

approaches. Koblinger and Hofmann [137] used a Monte Carlo simulation to construct an airway 

geometry along each inhaled particle’s path by randomly selecting airway parameters from their 

frequency distributions and the correlations among them. While the airway geometry is selected 

randomly, particle deposition in individual airways is calculated analytically. Asymmetries of the 

airway bifurcations and airflow were included in the model. Deposition within each airway structure 

was calculated based on traditional correlations for sedimentation, impaction, and diffusion. The model 

was further developed [119] and showed good agreement with fast and slow clearance deposition 

fractions from in vivo studies. Further, Asgharian et al. [117] used the Monte Carlo approach for 

development of asymmetric bronchial geometry. In this approach, they used different lung structures 

including a typical-path model, five-lobe symmetric model, which was structurally different from the 

model of Yeh and Schum [126], and 10 stochastic lung models illustrating inter-subject variability 
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among the human population. Using this model, lobar deposition was found to be significantly 

different between the five-lobe model and the stochastic lungs. A variation in deposition fraction of up 

to three fold was observed among various stochastic lungs, indicating that particle deposition within 

the lung is highly non-uniform. This model was further used for the investigation of the impact of 

asymmetric lung ventilation on lobar deposition [112]. Another application was the assessment of 

inter-subject variability in particle deposition in the respiratory tract and the deposition of  

nano-aerosols [138,139]. The primary impact of NPs was found in the pulmonary region for particles 

larger than 10 nm in diameter. Particles below 10 nm were removed from the inhaled air in the 

tracheobronchial region with little or no penetration into the pulmonary region. Good agreement was 

found between predicted depositions with measurements in the literature [138].  

The advantage of multipath models over single path approach is the more realistic description of 

lung morphology and its asymmetric geometry. This results in more realistic determination of average 

deposition fractions. Moreover, the intra- and inter-subject variations in different parts of the lung can 

be determined more precisely. However, the validation of such models with in vivo data is only 

possible for total or regional deposition, but not at airway generation level. Application of “local scale 

models” based on CFD methods is an approach for overcoming the limitation of providing information 

on deposition patterns within airways or airway bifurcations. Computational models work best in the 

prediction of hydrophobic uncharged spherical particles in a static lung. In reality, particle size but also 

net particle charge, hydrophilicity, particle concentration, interception, thermophoresis (migration of 

the particle in a solution in response to a temperature gradient), and gas properties influence 

deposition. Biological parameters, such as tidal volume, breathing frequency, and airflow rates, 

markedly determine particle deposition [140]. Although several improvements have been undertaken 

to consider these parameters, still commonly used simulation models, such as ICRP and multiple path 

particle dosimetry model (MPPD), can simulate biological parameters only to a limited extent and, 

therefore, perform less well when simulating forced inhalation [141]. Simulation programs can also not 

include NP-specific effects, such as interaction with alveolar surfactant. Nanostructured SiO2 particles 

show a size-dependent reduction in surfactant activity [142], which implies that they can avoid 

clearance and are able to stay longer in the deposition zone. 

6. Conclusions  

Human health risk by NPs is judged highest for inhalation exposure because high permeability of 

the air-blood barrier allows fast uptake of particles. For a realistic assessment of particle deposition, 

uptake and biological effects, several models have to be combined to compensate for their respective 

limitations. In vitro systems lack the complexity of the entire organism but are important for identifying 

cellular mechanisms. Due to differences in breathing pattern, commonly used animal models cannot 

mimic human exposure but provide data on the fate of inhaled NPs in the body. In silico models could 

be useful for quantifying lung deposition and, when combined with permeation data obtained by 

cellular exposures and data from animal experiments, predict systemic effects of inhaled NPs. 

Conflicts of Interest 

The authors declare no conflict of interest. 



Int. J. Mol. Sci. 2014, 15 4814 

 

 

References  

1. Royal Academy of Engineering Nanoscience and Nanotechnologies: Opportunities and 

Uncertainties; Royal Academy of Engineering: London, UK, 2004. 

2. Frampton, M.W. Systemic and cardiovascular effects of airway injury and inflammation: 

Ultrafine particle exposure in humans. Environ. Health Perspect. 2001, 109, 529–532. 

3. Kan, H.; Heiss, G.; Rose, K.M.; Whitsel, E.A.; Lurmann, F.; London, S.J. Prospective analysis of 

traffic exposure as a risk factor for incident coronary heart disease: The Atherosclerosis Risk in 

Communities (ARIC) study. Environ. Health Perspect. 2008, 116, 1463–1468. 

4. Nawrot, T.S.; Alfaro-Moreno, E.; Nemery, B. Update in occupational and environmental 

respiratory disease 2007. Am. J. Respir. Crit. Care Med. 2008, 177, 696–700. 

5. Pope, C.A., 3rd; Burnett, R.T.; Thun, M.J.; Calle, E.E.; Krewski, D.; Ito, K.; Thurston, G.D. 

Lung cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. 

JAMA 2002, 287, 1132–1141. 

6. Pope, C.A., 3rd; Burnett, R.T.; Thurston, G.D.; Thun, M.J.; Calle, E.E.; Krewski, D.;  

Godleski, J.J. Cardiovascular mortality and long-term exposure to particulate air pollution: 

Epidemiological evidence of general pathophysiological pathways of disease. Circulation 2004, 

109, 71–77. 

7. Ruckerl, R.; Schneider, A.; Breitner, S.; Cyrys, J.; Peters, A. Health effects of particulate air 

pollution: A review of epidemiological evidence. Inhal. Toxicol. 2011, 23, 555–592. 

8. Song, Y.; Li, X.; Du, X. Exposure to nanoparticles is related to pleural effusion, pulmonary 

fibrosis and granuloma. Eur. Respir. J. 2009, 34, 559–567. 

9. Sager, T.M.; Kommineni, C.; Castranova, V. Pulmonary response to intratracheal instillation of 

ultrafine vs. fine titanium dioxide: Role of particle surface area. Part. Fibre Toxicol. 2008, 5, 17. 

10. Kaluza, S.; Kleine Balderhaar, J.; Orthen, B.; Honnert, B.; Jankowska, E.; Pietrowski, P.;  

Rosell, M.G.; Tanarro, C.; Tejedor, J. Workplace Exposure to Nanoparticles; European Agency 

for Safety and Health at Work: Bilbao, Spain, 2009. 

11. Kuhlbusch, T.A.; Asbach, C.; Fissan, H.; Gohler, D.; Stintz, M. Nanoparticle exposure at 

nanotechnology workplaces: A review. Part. Fibre Toxicol. 2011, 8, 22. 

12. Elder, A.; Gelein, R.; Silva, V.; Feikert, T.; Opanashuk, L.; Carter, J.; Potter, R.; Maynard, A.; 

Ito, Y.; Finkelstein, J.; et al. Translocation of inhaled ultrafine manganese oxide particles to the 

central nervous system. Environ. Health Perspect. 2006, 114, 1172–1178. 

13. De Lorenzo, A.J. Electron microscopic observations of the olfactory mucosa and olfactory nerve. 

J. Biophys. Biochem. Cytol. 1957, 3, 839–850. 

14. Oberdorster, G.; Elder, A.; Rinderknecht, A. Nanoparticles and the brain: Cause for concern?  

J. Nanosci. Nanotechnol. 2009, 9, 4996–5007. 

15. Radostits, O.; Houston, D.; Mayhew, I. Veterinary Clinical Examination and Diagnosis;  

W.B. Saunders: Philadelphia, PA, USA, 2000. 

16. Nemmar, A.; Hoet, P.H.; Vanquickenborne, B.; Dinsdale, D.; Thomeer, M.; Hoylaerts, M.F.; 

Vanbilloen, H.; Mortelmans, L.; Nemery, B. Passage of inhaled particles into the blood 

circulation in humans. Circulation 2002, 105, 411–414. 



Int. J. Mol. Sci. 2014, 15 4815 

 

 

17. Kreyling, W.G.; Semmler, M.; Erbe, F.; Mayer, P.; Takenaka, S.; Schulz, H.; Oberdorster, G.; 

Ziesenis, A. Translocation of ultrafine insoluble iridium particles from lung epithelium to 

extrapulmonary organs is size dependent but very low. J. Toxicol. Environ. Health A 2002, 65, 

1513–1530. 

18. Mills, N.L.; Amin, N.; Robinson, S.D.; Anand, A.; Davies, J.; Patel, D.; de la Fuente, J.M.; 

Cassee, F.R.; Boon, N.A.; Macnee, W.; et al. Do inhaled carbon nanoparticles translocate 

directly into the circulation in humans? Am. J. Respir. Crit. Care Med. 2006, 173, 426–431. 

19. Wiebert, P.; Sanchez-Crespo, A.; Seitz, J.; Falk, R.; Philipson, K.; Kreyling, W.G.; Moller, W.; 

Sommerer, K.; Larsson, S.; Svartengren, M. Negligible clearance of ultrafine particles retained in 

healthy and affected human lungs. Eur. Respir. J. 2006, 28, 286–290. 

20. Nemmar, A.; Vanbilloen, H.; Hoylaerts, M.F.; Hoet, P.H.; Verbruggen, A.; Nemery, B. Passage 

of intratracheally instilled ultrafine particles from the lung into the systemic circulation in 

hamster. Am. J. Respir. Crit. Care Med. 2001, 164, 1665–1668. 

21. Takenaka, S.; Karg, E.; Roth, C.; Schulz, H.; Ziesenis, A.; Heinzmann, U.; Schramel, P.;  

Heyder, J. Pulmonary and systemic distribution of inhaled ultrafine silver particles in rats. 

Environ. Health Perspect. 2001, 109, 547–551. 

22. Muhlfeld, C.; Gehr, P.; Rothen-Rutishauser, B. Translocation and cellular entering mechanisms 

of nanoparticles in the respiratory tract. Swiss Med. Wkly. 2008, 138, 387–391. 

23. Sauer, U.G.; Vogel, S.; Hess, A.; Kolle, S.N.; Ma-Hock, L.; van Ravenzwaay, B.; Landsiedel, R. 

In vivo-in vitro comparison of acute respiratory tract toxicity using human 3D airway epithelial 

models and human A549 and murine 3T3 monolayer cell systems. Toxicol. in Vitro 2013, 27,  

174–190. 

24. Sorokin, S.P. Properties of alveolar cells and tissues that strengthen alveolar defenses.  

Arch. Intern. Med. 1970, 126, 450–463. 

25. Mondrinos, M.J.; Koutzaki, S.; Lelkes, P.I.; Finck, C.M. A tissue-engineered model of fetal 

distal lung tissue. Am. J. Physiol. Lung Cell Mol. Physiol. 2007, 293, L639–L650. 

26. Klein, S.G.; Hennen, J.; Serchi, T.; Blomeke, B.; Gutleb, A.C. Potential of coculture in vitro 

models to study inflammatory and sensitizing effects of particles on the lung. Toxicol. in Vitro 

2011, 25, 1516–1534. 

27. Chono, S.; Tauchi, Y.; Morimoto, K. Pharmacokinetic analysis of the uptake of liposomes by 

macrophages and foam cells in vitro and their distribution to atherosclerotic lesions in mice. 

Drug Metab. Pharmacokinet. 2006, 21, 37–44. 

28. Hidalgo, I.J.; Raub, T.J.; Borchardt, R.T. Characterization of the human colon carcinoma cell 

line (Caco-2) as a model system for intestinal epithelial permeability. Gastroenterology 1989, 96, 

736–749. 

29. Kreda, S.M.; Okada, S.F.; van Heusden, C.A.; O’Neal, W.; Gabriel, S.; Abdullah, L.;  

Davis, C.W.; Boucher, R.C.; Lazarowski, E.R. Coordinated release of nucleotides and mucin 

from human airway epithelial Calu-3 cells. J. Physiol. 2007, 584, 245–259. 

30. Ross, A.J.; Dailey, L.A.; Brighton, L.E.; Devlin, R.B. Transcriptional profiling of mucociliary 

differentiation in human airway epithelial cells. Am. J. Respir. Cell Mol. Biol. 2007, 37, 169–185. 



Int. J. Mol. Sci. 2014, 15 4816 

 

 

31. Rothen-Rutishauser, B.; Blank, F.; Muhlfeld, C.; Gehr, P. In vitro models of the human  

epithelial airway barrier to study the toxic potential of particulate matter. Expert. Opin. Drug 

Metabol. Toxicol. 2008, 4, 1075–1089. 

32. Gehr, P.; Green, F.H.; Geiser, M.; Im Hof, V.; Lee, M.M.; Schurch, S. Airway surfactant,  

a primary defense barrier: Mechanical and immunological aspects. J. Aerosol Med. 1996, 9,  

163–181. 

33. Bakand, S.; Winder, C.; Khalil, C.; Hayes, A. A novel in vitro exposure technique for toxicity 

testing of selected volatile organic compounds. J. Environ. Monit. 2006, 8, 100–105. 

34. Joeng, L.; Hayes, A.; Bakand, S. Validation of the dynamic direct exposure method for toxicity 

testing of diesel exhaust in vitro. ISRN Toxicol. 2013, 2013, 139512. 

35. Coecke, S.; Blaauboer, B.; Elaut, G.; Freeman, S.; Freidig, A.; Gensmantel, N.; Hoet, P.H.; 

Kapoulas, V.; Ladstetter, B.; Langley, G.; et al. Final Document Subgroup of Experts on 

Toxicokinetics and Metabolism in the Context of the Follow-up of the 7th Amendment on the 

Cosmetics Directive; ECVAM: Ispra, Italy, 2004. 

36. Castell, J.V.; Donato, M.T.; Gomez-Lechon, M.J. Metabolism and bioactivation of toxicants in 

the lung. The in vitro cellular approach. Exp. Toxicol. Pathol. 2005, 57, 189–204. 

37. Zabner, J.; Karp, P.; Seiler, M.; Phillips, S.L.; Mitchell, C.J.; Saavedra, M.; Welsh, M.; 

Klingelhutz, A.J. Development of cystic fibrosis and noncystic fibrosis airway cell lines. Am. J. 

Physiol. Lung Cell Mol. Physiol. 2003, 284, L844–L854. 

38. Sakagami, M. In vivo, in vitro and ex vivo models to assess pulmonary absorption and disposition 

of inhaled therapeutics for systemic delivery. Adv. Drug Deliv. Rev. 2006, 58, 1030–1060. 

39. Rothen-Rutishauser, B.M.; Kiama, S.G.; Gehr, P. A three-dimensional cellular model of the 

human respiratory tract to study the interaction with particles. Am. J. Respir. Cell Mol. Biol. 

2005, 32, 281–289. 

40. Alfaro-Moreno, E.; Nawrot, T.S.; Vanaudenaerde, B.M.; Hoylaerts, M.F.; Vanoirbeek, J.A.; 

Nemery, B.; Hoet, P.H. Co-cultures of multiple cell types mimic pulmonary cell communication 

in response to urban PM10. Eur. Respir. J. 2008, 32, 1184–1194. 

41. Klein, S.G.; Serchi, T.; Hoffmann, L.; Blomeke, B.; Gutleb, A.C. An improved 3D tetraculture 

system mimicking the cellular organisation at the alveolar barrier to study the potential toxic 

effects of particles on the lung. Part. Fibre Toxicol. 2013, 10, 31. 

42. Nguyen Hoang, A.T.; Chen, P.; Juarez, J.; Sachamitr, P.; Billing, B.; Bosnjak, L.; Dahlen, B.; 

Coles, M.; Svensson, M. Dendritic cell functional properties in a three-dimensional tissue model 

of human lung mucosa. Am. J. Physiol. Lung Cell Mol. Physiol. 2012, 302, L226–L237. 

43. Huh, D.; Hamilton, G.A.; Ingber, D.E. From 3D cell culture to organs-on-chips. Trends Cell Biol. 

2011, 21, 745–754. 

44. Tomei, A.A.; Choe, M.M.; Swartz, M.A. Effects of dynamic compression on lentiviral 

transduction in an in vitro airway wall model. Am. J. Physiol. Lung Cell Mol. Physiol. 2008, 294, 

L79–L86. 

45. Geys, J.; Coenegrachts, L.; Vercammen, J.; Engelborghs, Y.; Nemmar, A.; Nemery, B.;  

Hoet, P.H. In vitro study of the pulmonary translocation of nanoparticles: A preliminary study. 

Toxicol. Lett. 2006, 160, 218–226. 



Int. J. Mol. Sci. 2014, 15 4817 

 

 

46. Schulze, C.; Schäfer, U.; Voetz, M.; Wohlleben, W.; Venzago, C.; Lehr, C. Transport of  

metal oxide nanoparticles across Calu-3 monolayers modelling the air-blood barrier.  

EURO-NanoTox-Letters 2011, 1, 0001–0011. 

47. Zhang, X.; Zheng, N.; Zou, P.; Zhu, H.; Hinestroza, J.P.; Rosania, G.R. Cells on pores:  

A simulation-driven analysis of transcellular small molecule transport. Mol. Pharm. 2010, 7, 

456–467. 

48. Berube, K.; Prytherch, Z.; Job, C.; Hughes, T. Human primary bronchial lung cell constructs: 

The new respiratory models. Toxicology 2010, 278, 311–318. 

49. Voisin, C.; Aerts, C.; Jakubczk, E.; Tonnel, A.B. La culture cellulaire en phase gazeuse. Un 

nouveau modele experimental d’etude in vitro des activites des macrophages alveolaires.  

Bull. Eur. Physiopathol. Respir. 1977, 13, 69–82. 

50. Voisin, C.; Wallaert, B. Occupational dust exposure and chronic obstructive bronchopulmonary 

disease. Etiopathogenic approach to the problem of compensation in the mining environment. 

Bull. Acad. Natl. Med. 1992, 176, 243–250; discussion 250–242. 

51. Bitterle, E.; Karg, E.; Schroeppel, A.; Kreyling, W.G.; Tippe, A.; Ferron, G.A.; Schmid, O.; 

Heyder, J.; Maier, K.L.; Hofer, T. Dose-controlled exposure of A549 epithelial cells at the  

air-liquid interface to airborne ultrafine carbonaceous particles. Chemosphere 2006, 65, 1784–1790. 

52. Tippe, A.; Heinzmann, U.; Roth, C. Deposition of fine and ultrafine aerosol particles during 

exposure at the air/cell interface. J. Aerosol Sci. 2002, 33, 207–218. 

53. Gaschen, A.; Lang, D.; Kalberer, M.; Savi, M.; Geiser, T.; Gazdhar, A.; Lehr, C.M.; Bur, M.; 

Dommen, J.; Baltensperger, U.; et al. Cellular responses after exposure of lung cell cultures to 

secondary organic aerosol particles. Environ. Sci. Technol. 2010, 44, 1424–1430. 

54. Savi, M.; Kalberer, M.; Lang, D.; Ryser, M.; Fierz, M.; Gaschen, A.; Ricka, J.; Geiser, M.  

A novel exposure system for the efficient and controlled deposition of aerosol particles onto cell 

cultures. Environ. Sci. Technol. 2008, 42, 5667–5674. 

55. Phillips, J.; Kluss, B.; Richter, A.; Massey, E. Exposure of bronchial epithelial cells to whole 

cigarette smoke: Assessment of cellular responses. Altern. Lab. Anim. 2005, 33, 239–248. 

56. Brandenberger, C.; Muhlfeld, C.; Ali, Z.; Lenz, A.G.; Schmid, O.; Parak, W.J.; Gehr, P.;  

Rothen-Rutishauser, B. Quantitative evaluation of cellular uptake and trafficking of plain and 

polyethylene glycol-coated gold nanoparticles. Small 2010, 6, 1669–1678. 

57. Brandenberger, C.; Rothen-Rutishauser, B.; Muhlfeld, C.; Schmid, O.; Ferron, G.A.;  

Maier, K.L.; Gehr, P.; Lenz, A.G. Effects and uptake of gold nanoparticles deposited at the  

air-liquid interface of a human epithelial airway model. Toxicol. Appl. Pharmacol. 2010, 242, 

56–65. 

58. Lenz, A.G.; Karg, E.; Lentner, B.; Dittrich, V.; Brandenberger, C.; Rothen-Rutishauser, B.; 

Schulz, H.; Ferron, G.A.; Schmid, O. A dose-controlled system for air-liquid interface cell 

exposure and application to zinc oxide nanoparticles. Part. Fibre Toxicol. 2009, 6, 32. 

59. De Bruijne, K.; Ebersviller, S.; Sexton, K.G.; Lake, S.; Leith, D.; Goodman, R.; Jetters, J.; 

Walters, G.W.; Doyle-Eisele, M.; Woodside, R.; et al. Design and testing of Electrostatic 

Aerosol in Vitro Exposure System (EAVES): An alternative exposure system for particles.  

Inhal. Toxicol. 2009, 21, 91–101. 



Int. J. Mol. Sci. 2014, 15 4818 

 

 

60. Volckens, J.; Dailey, L.; Walters, G.; Devlin, R.B. Direct particle-to-cell deposition of coarse 

ambient particulate matter increases the production of inflammatory mediators from cultured 

human airway epithelial cells. Environ. Sci. Technol. 2009, 43, 4595–4599. 

61. Aufderheide, M.; Mohr, U. CULTEX–An alternative technique for cultivation and exposure of 

cells of the respiratory tract to airborne pollutants at the air/liquid interface. Exp. Toxicol. Pathol. 

2000, 52, 265–270. 

62. Ritter, D.; Knebel, J.W.; Aufderheide, M. Exposure of human lung cells to inhalable substances: 

A novel test strategy involving clean air exposure periods using whole diluted cigarette 

mainstream smoke. Inhal. Toxicol. 2003, 15, 67–84. 

63. Aufderheide, M.; Mohr, U. A modified CULTEX system for the direct exposure of bacteria to 

inhalable substances. Exp. Toxicol. Pathol. 2004, 55, 451–454. 

64. Gasser, M.; Riediker, M.; Mueller, L.; Perrenoud, A.; Blank, F.; Gehr, P.; Rothen-Rutishauser, B. 

Toxic effects of brake wear particles on epithelial lung cells in vitro. Part. Fibre Toxicol. 2009, 

6, 30. 

65. Paur, H.R.; Mülhopt, S.; Weiss, C.; Diabaté, S. In Vitro exposure systems and bioassays for the 

assessment of toxicity of nanoparticles to the human lung. J. Verbr. Lebensm. 2008, 3, 3. 

66. Rothen-Rutishauser, B.; Grass, R.N.; Blank, F.; Limbach, L.K.; Muhlfeld, C.; Brandenberger, C.; 

Raemy, D.O.; Gehr, P.; Stark, W.J. Direct combination of nanoparticle fabrication and exposure 

to lung cell cultures in a closed setup as a method to simulate accidental nanoparticle exposure of 

humans. Environ. Sci. Technol. 2009, 43, 2634–2640. 

67. Blank, F.; Rothen-Rutishauser, B.M.; Schurch, S.; Gehr, P. An optimized in vitro model of the 

respiratory tract wall to study particle cell interactions. J. Aerosol. Med. 2006, 19, 392–405. 

68. Fröhlich, E.; Bonstingl, G.; Hofler, A.; Meindl, C.; Leitinger, G.; Pieber, T.R.; Roblegg, E. 

Comparison of two in vitro systems to assess cellular effects of nanoparticles-containing aerosols. 

Toxicol. in Vitro 2013, 27, 409–417. 

69. Aufderheide, M.; Scheffler, S.; Mohle, N.; Halter, B.; Hochrainer, D. Analytical in vitro approach 

for studying cyto- and genotoxic effects of particulate airborne material. Anal. Bioanal. Chem. 

2011, 401, 3213–3220. 

70. Byron, P.R.; Patton, J.S. Drug delivery via the respiratory tract. J. Aerosol. Med. 1994, 7, 49–75. 

71. Meiring, J.J.; Borm, P.J.; Bagate, K.; Semmler, M.; Seitz, J.; Takenaka, S.; Kreyling, W.G.  

The influence of hydrogen peroxide and histamine on lung permeability and translocation of 

iridium nanoparticles in the isolated perfused rat lung. Part. Fibre Toxicol. 2005, 2, 3. 

72. Oberdorster, G.; Sharp, Z.; Atudorei, V.; Elder, A.; Gelein, R.; Lunts, A.; Kreyling, W.; Cox, C. 

Extrapulmonary translocation of ultrafine carbon particles following whole-body inhalation 

exposure of rats. J. Toxicol. Environ. Health A 2002, 65, 1531–1543. 

73. Ressmeyer, A.R.; Larsson, A.K.; Vollmer, E.; Dahlen, S.E.; Uhlig, S.; Martin, C. 

Characterisation of guinea pig precision-cut lung slices: Comparison with human tissues.  

Eur. Respir. J. 2006, 28, 603–611. 

74. Nassimi, M.; Schleh, C.; Lauenstein, H.D.; Hussein, R.; Lubbers, K.; Pohlmann, G.; Switalla, S.; 

Sewald, K.; Muller, M.; Krug, N.; et al. Low cytotoxicity of solid lipid nanoparticles in in vitro 

and ex vivo lung models. Inhal. Toxicol. 2009, 21, 104–109. 



Int. J. Mol. Sci. 2014, 15 4819 

 

 

75. Horev-Azaria, L.; Baldi, G.; Beno, D.; Bonacchi, D.; Golla-Schindler, U.; Kirkpatrick, J.C.; 

Kolle, S.; Landsiedel, R.; Maimon, O.; Marche, P.N.; et al. Predictive toxicology of cobalt ferrite 

nanoparticles: Comparative in vitro study of different cellular models using methods of 

knowledge discovery from data. Part. Fibre Toxicol. 2013, 10, 32. 

76. Choi, J.Y.; Ramachandran, G.; Kandlikar, M. The impact of toxicity testing costs on 

nanomaterial regulation. Environ. Sci. Technol. 2009, 43, 3030–3034. 

77. Jud, C.; Clift, M.J.; Petri-Fink, A.; Rothen-Rutishauser, B. Nanomaterials and the human lung: 

What is known and what must be deciphered to realise their potential advantages?  

Swiss Med. Wkly. 2013, 143, w13758. 

78. Wheeler, C.W.; Park, S.S.; Guenthner, T.M. Immunochemical analysis of a cytochrome  

P-450IA1 homologue in human lung microsomes. Mol. Pharmacol. 1990, 38, 634–643. 

79. Geiser, M.; Kreyling, W.G. Deposition and biokinetics of inhaled nanoparticles. Part. Fibre Toxicol. 

2010, 7, 2. 

80. Kreyling, W.G.; Semmler-Behnke, M.; Seitz, J.; Scymczak, W.; Wenk, A.; Mayer, P.; Takenaka, S.; 

Oberdorster, G. Size dependence of the translocation of inhaled iridium and carbon nanoparticle 

aggregates from the lung of rats to the blood and secondary target organs. Inhal. Toxicol. 2009, 

21, 55–60. 

81. Semmler-Behnke, M.; Takenaka, S.; Fertsch, S.; Wenk, A.; Seitz, J.; Mayer, P.; Oberdorster, G.; 

Kreyling, W.G. Efficient elimination of inhaled nanoparticles from the alveolar region: Evidence for 

interstitial uptake and subsequent reentrainment onto airways epithelium. Environ. Health Perspect. 

2007, 115, 728–733. 

82. Geiser, M.; Cruz-Orive, L.M.; Im Hof, V.; Gehr, P. Assessment of particle retention and 

clearance in the intrapulmonary conducting airways of hamster lungs with the fractionator.  

J. Microsci. 1990, 160, 75–88. 

83. Geiser, M.; Baumann, M.; Cruz-Orive, L.M.; Im Hof, V.; Waber, U.; Gehr, P. The effect of 

particle inhalation on macrophage number and phagocytic activity in the intrapulmonary 

conducting airways of hamsters. Am. J. Respir. Cell Mol. Biol. 1994, 10, 594–603. 

84. Phalen, R.F. Inhalation exposure of animals. Environ. Health Perspect. 1976, 16, 17–24. 

85. Shvedova, A.A.; Kisin, E.; Murray, A.R.; Johnson, V.J.; Gorelik, O.; Arepalli, S.; Hubbs, A.F.; 

Mercer, R.R.; Keohavong, P.; Sussman, N.; et al. Inhalation vs. aspiration of single-walled 

carbon nanotubes in C57BL/6 mice: Inflammation, fibrosis, oxidative stress, and mutagenesis. 

Am. J. Physiol. Lung Cell Mol. Physiol. 2008, 295, L552–L565. 

86. Osier, M.; Oberdorster, G. Intratracheal inhalation vs intratracheal instillation: Differences in 

particle effects. Fundam. Appl. Toxicol. 1997, 40, 220–227. 

87. Warheit, D.B.; Brock, W.J.; Lee, K.P.; Webb, T.R.; Reed, K.L. Comparative pulmonary toxicity 

inhalation and instillation studies with different TiO2 particle formulations: Impact of surface 

treatments on particle toxicity. Toxicol. Sci. 2005, 88, 514–524. 

88. Grassian, V.H.; O’Shaughnessy P, T.; Adamcakova-Dodd, A.; Pettibone, J.M.; Thorne, P.S. 

Inhalation exposure study of titanium dioxide nanoparticles with a primary particle size of 2  

to 5 nm. Environ. Health Perspect. 2007, 115, 397–402. 



Int. J. Mol. Sci. 2014, 15 4820 

 

 

89. Yi, J.; Chen, B.T.; Schwegler-Berry, D.; Frazer, D.; Castranova, V.; McBride, C.; Knuckles, T.L.; 

Stapleton, P.A.; Minarchick, V.C.; Nurkiewicz, T.R. Whole-body nanoparticle aerosol inhalation 

exposures. J. Vis. Exp. 2013, 75, e50263. 

90. Griffis, L.C.; Wolff, R.K.; Beethe, R.L.; Hobbs, C.H.; McClellan, R.O. Evaluation of a 

multitiered inhalation exposure chamber. Fundam. Appl. Toxicol. 1981, 1, 8–12. 

91. Phalen, R. Methods in Inhalation Toxicology; CRC Press: Boca Raton, FL, USA, 1997. 

92. Thorne, P.S. Inhalation toxicology models of endotoxin- and bioaerosol-induced inflammation. 

Toxicology 2000, 152, 13–23. 

93. Farina, F.; Sancini, G.; Longhin, E.; Mantecca, P.; Camatini, M.; Palestini, P. Milan PM1 

induces adverse effects on mice lungs and cardiovascular system. Biomed. Res. Int. 2013,  

2013, 583513. 

94. Miyata, R.; Bai, N.; Vincent, R.; Sin, D.D.; van Eeden, S.F. Statins reduce ambient particulate 

matter-induced lung inflammation by promoting the clearance of particulate matter, <10 mum 

from lung tissues. Chest 2013, 143, 452–460. 

95. Tronde, A.; Baran, G.; Eirefelt, S.; Lennernas, H.; Bengtsson, U.H. Miniaturized nebulization 

catheters: A new approach for delivery of defined aerosol doses to the rat lung. J. Aerosol. Med. 

2002, 15, 283–296. 

96. Rao, G.V.; Tinkle, S.; Weissman, D.N.; Antonini, J.M.; Kashon, M.L.; Salmen, R.;  

Battelli, L.A.; Willard, P.A.; Hoover, M.D.; Hubbs, A.F. Efficacy of a technique for exposing the 

mouse lung to particles aspirated from the pharynx. J. Toxicol. Environ. Health A 2003, 66, 

1441–1452. 

97. Renne, R.; Miller, R. Microscopic Anatomy of Toxicologically Important Regions of the Larynx 

of the Rat, Mouse, and Hamster; Springer: Berlin/Heidelberg, Germany, 1996. 

98. National Research Council (US) Committee on Animal Models for Testing Interventions Against 

Aerosolized Bioterrorism Agents. Selection or Development of an Animal Model; National 

Academies Press: Washington, DC, USA, 2006. 

99. Pass, D.; Freeth, G. The rat. Anzccart News 1993, 6, 1–4. 

100. Van Winkle, L.; Smiley-Jewel, S.; Pinkerton, K. Tracheobronchial airways. In Comprehensive 

Toxicology; Yost, G.E., Ed.; Springer: Oxford, UK, 2010. 

101. Wolff, R.; Dorato, M. Inhalation toxicology studies. In Comprehensive Toxicology; Yost, G.E., 

Ed.; Elsevier Ltd.: Oxford, UK, 2010. 

102. Hofmann, W.; Asgharian, B. Comparison of mucociliary clearance velocities in human and rat 

lungs for extrapolation modeling. Ann. Occup. Hyg. 2002, 46, 323–325. 

103. Morgan, D. Part 3 Inhalation Toxicology; CRC Press LLC: Boca Raton, FL, USA, 1997. 

104. Irvin, C.G.; Bates, J.H. Measuring the lung function in the mouse: The challenge of size.  

Respir. Res. 2003, 4, 4. 

105. Chapman, R.W. Canine models of asthma and COPD. Pulm. Pharmacol. Ther. 2008, 21,  

731–742. 

106. Kreyling, W.; Eder, K.; Erbe, F.; Ferron, G.; Haider, B.; Karg, E.; Ruprecht, L.; Schumann, G. 

Particle deposition in the canine respiratory tract. Ann. Occup. Hyg. 1994, 38, 143–149. 

107. McClellan, R.O. Role of inhalation studies with animals in defining human health risks for 

vehicle and power plant emissions. Environ. Health Perspect. 1983, 47, 283–292. 



Int. J. Mol. Sci. 2014, 15 4821 

 

 

108. Green, F.H.; Vallyathan, V.; Hahn, F.F. Comparative pathology of environmental lung disease: 

An overview. Toxicol. Pathol. 2007, 35, 136–147. 

109. Nikula, K.J.; Vallyathan, V.; Green, F.H.; Hahn, F.F. Influence of exposure concentration or 

dose on the distribution of particulate material in rat and human lungs. Environ. Health Perspect. 

2001, 109, 311–318. 

110. Mauderly, J.L. Usefulness of animal models for predicting human responses to long-term 

inhalation of particles. Chest 1996, 109, 65S–68S. 

111. Moskal, A.; Sosnowski, T.; Gradon, L. Inhalation and Deposition of Nanoparticles. 

Fundamentals, Phenomenology and Practical Aspects; Springer: Dordrecht, The Netherland, 2010. 

112. Asgharian, B.; Price, O.T. Air flow distribution in the human lung and its influence on particle 

deposition. Inhal. Toxicol. 2006, 18, 795–801. 

113. Hofmann, W. Modelling inhaled particle deposition in the human lung—A review. J. Aerosol. Sci. 

2011, 42, 693–724  

114. Wang, C. A Brief History of Respiratory Depostion Modeling; RTI International: Research 

Triangle Park, NC, USA, 2011. 

115. United States Environmental Protection Agency. Air Quality Criteria for Particulate Matter, 

Volume II; Environmental Protection Agency: Washington, DC, USA, 2004. 

116. Mobley, C.; Hochhaus, G. Methods used to assess pulmonary deposition and absorption of drugs. 

Drug Discov. Today 2001, 6, 367–375. 

117. Asgharian, B.; Hofmann, W.; Bergmann, R. Particle deposition in a multiple-path model of the 

human lung. Aerosol Sci. Technol. 2001, 34, 332–339. 

118. Broday, D.M.; Georgopoulous, G. Growth and deposition of hygroscopic particulate matter in 

the human lung. Aerosol Sci. Technol. 2001, 34, 144–159. 

119. Hofmann, W.; Koblinger, L. Monte-Carlo modeling of aerosol deposition in human lungs. 3. 

Comparison with experimental-data. J. Aerosol Med. 1992, 23, 51–63. 

120. Koblinger, L.; Hofmann, W. Monte Carlo modeling of aerosol deposition in human lungs. Part I: 

Simulation of particle transport in a stochastic lung structure. J. Aerosol. Sci. 1990, 21, 661–674. 

121. Longest, P.W.; Holbrook, L.D. In silico models of aerosol delivery to the respiratory  

tract—Development and applications. Adv. Drug Deliv. Rev. 2012, 64, 296–311. 

122. Longest, P.W.; Kleinstreuer, C.; Buchanan, J.R. Efficient computation of microparticle dynamics 

including wall effects. Comput. Fluids 2004, 33, 577–601. 

123. Mitsakou, C.; Helmis, C.; Housiadas, C. Eulerian modelling of lung deposition with sectional 

representation of aerosol dynamics. Aerosol. Sci. Technol. 2005, 36, 75–94. 

124. Zhang, Z.; Kleinstreuer, C.; Kim, C.S. Comparison of analytical and CFD models  

with regard to micronparticle deposition in a human 16-generation tracheobronchial airway 

model. J. Aerosol. Sci. 2009, 40, 16–28. 

125. Weibel, E. Morphometry of the Human Lung; Springer: Berlin, Germany, 1963. 

126. Yeh, H.C.; Schum, G.M. Models of the human lung airways and their application to inhaled 

particle deposition. Bull. Math. Biol. 1980, 42, 461–480. 

127. Findeisen, W. Über das Absetzen kleiner, in der Luft suspendierter Teilchen in der menschlichen 

Lunge bei der Atmung. Pflügers Arch. Gesamte Physiol. Menschen Tiere 1935, 236, 367–379. 



Int. J. Mol. Sci. 2014, 15 4822 

 

 

128. International commission on radiological protection. Human respiratory tract model for 

radiological protection. Ann. ICRP 1994, 24, 1–482. 

129. National Council on Radiation Protection and Measurements. Deposition Retention and 

Dosimetry of Inhaled Radioactive Substances; The Council: Bethesda, MD, USA, 1997. 

130. Yeh, H.C.; Cuddihy, R.G.; Phalen, R.F.; Chang, I. Comparisons of calculated respiratory  

tract deposition of particles based on the proposed NCRP model and the new ICRP66 model. 

Aerosol. Sci. Technol. 1996, 25, 134–140. 

131. Balashazy, I.; Hofmann, W.; Heistracher, T. Computation of local enhancement factors for the 

quantification of particle deposition patterns in airway bifurcations. J. Aerosol Sci. 1999, 30, 

185–203. 

132. Bell, K.A. Local Particle Deposition in Respiratory Airway Models; Wiley: New York, NY, 

USA, 1978. 

133. Gradon, L.; Orlicki, D. Deposition of inhaled aerosol particles in a generation of the 

tracheobronchial tree. J. Aerosol Sci. 1990, 21, 3–19. 

134. Longest, P.W.; Xi, J. Effectiveness of direct Lagrangian tracking models for simulating 

nanoparticle deposition in the upper airways. Aerosol. Sci. Technol. 2007, 41, 380–397. 

135. Zhang, Z.; Kleinstreuer, C. Airflow structures and nano-particle deposition in a human upper 

airway model. J. Comput. Phys. 2004, 198, 178–210. 

136. Raabe, O.G.; Yeh, H.C.; Schum, G.M.; Phalen, R.F. Tracheobronchial Geometry: Human, Dog, 

Rat, Hamster; Lovelace Foundation: Albuquerque, NM, USA, 1976. 

137. Koblinger, L.; Hofmann, W. Analysis of human lung morphometric data for stochastic aerosol 

deposition calculations. Phys. Med. Biol. 1985, 30, 541–556. 

138. Asgharian, B.; Price, O.T. Deposition of ultrafine (nano) particles in the human lung.  

Inhal. Toxicol. 2007, 19, 1045–1054. 

139. Asgharian, B.; Price, O.T.; Hofmann, W. Prediction of particle deposition in the human lung 

using realistic models of lung ventilation. Aerosol. Sci. Technol. 2006, 37, 1209–1221. 

140. Londahl, J.; Moller, W.; Pagels, J.H.; Kreyling, W.G.; Swietlicki, E.; Schmid, O. Measurement 

techniques for respiratory tract deposition of airborne nanoparticles: A critical review. J. Aerosol. 

Med. Pulm. Drug Deliv. 2013, doi:10.1089/jamp.2013.1044. 

141. Wu, S.; Salar-Behzadi, S.; Fröhlich, E. Role of in-silico modeling in drug development for 

inhalation treatment. J. Mol. Pharm. Org. Process 2013, 1, 106. 

142. Kondej, D.; Sosnowski, T.R. Alteration of biophysical activity of pulmonary surfactant by 

aluminosilicate nanoparticles. Inhal. Toxicol. 2013, 25, 77–83. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


